The lipases from Thermomyces lanuginosus (immobilized by granulation with silica) and Candida antarctica B (adsorbed on Lewatit, "Novozym 435") were comparatively assayed for the synthesis of sugar esters by transesterification of sugars with fatty acid vinyl esters in 2-methyl-2-butanol:dimethylsulfoxide mixtures. We found that lipase from C. antarctica B is particularly useful for the preparation of 6,6'-di- (2005) 36, 391-398 3
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Synthesis of sugar esters in solvent mixtures by lipases from
Thermomyces lanuginosus and
Regioselective acylation of carbohydrates is an arduous task due to their multifunctionality (7) . Sugar esters can be synthesized using either chemical or biological catalysts. Their current chemical synthesis is usually base-catalyzed at high temperatures, has a poor selectivity, and gives rise to coloured side-products (8) .
However, the enzyme-catalyzed processes are notably more selective (9) . For this purpose, lipases are the most useful enzymes. Furthermore, the two lipases most commonly used in sugar esters synthesis are those from Thermomyces lanuginosus (formerly Humicola lanuginosa) and Candida antarctica B.
We recently developed a new and simple process for the lipase-catalyzed acylation of sucrose (10) and other di-and trisaccharides (11) . The method was based on the use of mixtures of a tertiary alcohol (2-methyl-2-butanol) and a polar solvent (dimethylsulfoxide) as reaction media, which represent a compromise between enzyme activity and sugar solubility. In this work, we have optimized the synthesis of various sugar mono-and diesters in solvent mixtures. We have compared the lipases
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5 from Thermomyces lanuginosus and Candida antarctica B in terms of activity, regioselectivity and potentially reliable catalysts for sugar ester production.
An intensive effort is still being made in the screening of novel compounds able to inhibit or delay the growth of a range of microorganisms, for food and medical applications. In particular, sugar fatty acid esters display significant activity against several food and clinical isolates (3, 12) . They have increasing interest due to advantages with regard to performance, consumers health and environmental compatibility compared to petrol-derived standard products. By controlling the esterification degree, which may be modulated by the nature of the biocatalysts and the solvent composition, as well as the nature of fatty acid and sugar, it is possible to modify their properties. Taken this into consideration, the effect of the synthesized derivatives on the growth of a series of microorganisms involved in food spoilage was also investigated.
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EXPERIMENTAL
Chemicals
Granulated lipase from Thermomyces lanuginosus and immobilized lipase from C.
antarctica B (Novozym 435) were from Novozymes A/S. Maltose, glucose, molecular sieves (3 Å, 8-12 mesh) and 2-methyl-2-butanol (tert-amyl alcohol) were from Sigma.
Sucrose and dimethyl sulfoxide (DMSO) were supplied by Merck. Vinyl laurate was from Fluka. Vinyl palmitate was from TCI (Tokyo, Japan). All other reagents and solvents were of the highest available purity and used as purchased.
Organisms
The microorganisms used in this study included Bacillus sp. performed at 40ºC with orbital shaking (100 rpm) in the presence of 3 Å molecular sieves (100 mg/ml). Reactions were followed by HPLC, using a SP−8810 pump (Spectra-Physics Inc.), a Nucleosil 100-C18 column (250 x 4.6 mm, Análisis Vínicos, Spain), maintained at 40ºC, and a refraction-index detector model 2410 (Waters). The mobile phase was a 90:10 (vol/vol) methanol:water mixture at 1.1 ml/min. The products were isolated by column chromatography, and fully characterized by spectroscopic techniques (NMR, IR, HR-MS) as previously described (10). with orbital shaking (100 rpm). Reactions were followed by HPLC, using a 9012 pump (Varian) and a Nucleosil 100-C18 column (250 x 4.6 mm, Análisis Vínicos, Spain), maintained at 40ºC. Detection was performed using an evaporative light-scattering detector DDL-31 (Eurosep) equilibrated at 55°C. Methanol:water 95:5 (v/v) containing 0.1% acetic acid was used as mobile phase (flow rate 1.2 ml/min) for 7 min. Then, a gradient from this phase to pure methanol was performed in 1 min at the same flow rate. Methanol was held as mobile phase at 1.2 ml/min during 12 min. The products were purified by solvent precipitation and column chromatography, and fully 
Enzymatic synthesis of sucrose esters
Enzymatic synthesis of maltose esters
Enzymatic synthesis of glucose esters
Glucose laurate was synthesized by transesterification of glucose (0.3 M) with vinyl laurate (0.3 M) in 2-methyl-2-butanol. Reactions were performed at 40ºC with orbital shaking (100 rpm) in the presence of biocatalyst (100 mg/ml) and 3 Å molecular sieves (100 mg/ml). Reactions were followed by HPLC under conditions described above for sucrose esters, but using a mobile phase 85:15 (vol/vol) methanol:water.
The products were isolated as previously described (13) . Briefly, the mixture was filtered, washed with 2-methyl-2-butanol, evaporated under vacuum, and the solid (white powder) was recrystallized in acetone and dried in vacuum. The products were characterized by spectroscopic techniques (NMR, IR, HRMS).
Analysis of antimicrobial properties in liquid medium
The analysis of antimicrobial activity of the carbohydrate esters was performed using different liquid media according of the microorganism tested: nutritive broth (meat extract 1 g/l, yeast extract 2 g/l, peptone 5 g/l, NaCl 5 g/l) for Bacillus sp., P. 
RESULTS AND DISCUSSION
We synthesized a series of sugar esters, whose structure is summarized in Fig.   1 , using an enzymatic method developed in our laboratory. The carbohydrate was pre-dissolved in a low amount of dimethylsulfoxide, and it was added to a tertiary alcohol (2-methyl-2-butanol). This increased substantially the solubility of the carbohydrate and avoided the inactivation of the biocatalyst (10) . Although this methodology has been assayed successfully with T. lanuginosus lipase immobilized in Celite (10, 11) or granulated with silica (14) , a comparative study in solvent mixtures with the widely used lipase from C. antarctica B adsorbed on Lewatit (Novozym 435) was performed in this work. The lipase from T. lanuginosus lipase was granulated with silica according to a method previously described (14) and is currently commercialized under the trade name Lipozyme ® TL IM. Silica-granulation is a very simple and inexpensive immobilization methodology that gives rise to a high efficiency/cost ratio. Due to the easy handling of the granules, the resulting biocatalyst is easy to separate from the reaction mixture only by decanting (14) .
Synthesis of sucrose esters
The reaction medium contained 20% of dimethylsulfoxide in 2-methyl-2-butanol, which was previously demonstrated to be the optimal composition for the synthesis of sucrose monoesters using T. lanuginosus lipase (10). We previously demonstrated with T. lanuginosus lipase that the DMSO percentage in the solvent mixture substantially modifies the final esterification degree (10) . Thus, at DMSO concentrations ≤ 10% the formation of diesters is favoured, whereas at percentages higher than 15% the formation of diesters is minimized (10) .
In this context, Bellot et al. (16) demonstrated in the esterification between glycerol and oleic acid that the solvent composition affects the selectivity, rate and substrate conversion at equilibrium. Using mixtures of n-hexane and 2-methyl-2-butanol of different composition, they observed that an increase in solvent polarity improves the selectivity towards the monoacylated products. The same effect was observed by us when increasing the percentage of DMSO.
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In these processes, the formation of free fatty acid is a common feature as a consequence of the competence between the sugar and water for the acyl-enzyme intermediate. The amount of fatty acid depends strongly on the hydration degree of the different components used in the reactions, and especially on the water activity of the biocatalyst. Although Fig. 2 shows that the formation of fatty acid is negligible using T. lanuginosus lipase, we have observed the appearance of fatty acid in similar experiments with this biocatalyst.
To further characterize its potential applicability, the reuse of silica-granulated lipase from T. lanuginosus was studied in this process (Fig. 3) . After a reaction cycle (6 h), the immobilized lipase was separated from the reaction mixture by filtration, washed with 2-methyl-2-butanol, dried under vacuum and equilibrated at 25ºC with the vapour phase of a saturated salt solution of lithium chloride (a w =0.11). The conversion achieved in the first cycle was 98%. As shown, the conversion to sucrose monolaurate is above 80% after 20 cycles of 6 hours.
Synthesis of maltose esters
Both lipases were also compared in the acylation of maltose with vinyl palmitate. In both cases, the primary hydroxyl at the C-6 of the non-reducing end glucose is selectively acylated (11, 15) . Fig. 4 
Synthesis of glucose esters
The solubility of glucose (0.60 g/l at 30ºC, Ref. 
Antimicrobial properties of sugar esters
Sugar esters are widely used in Japan as antibacterial agents in canned drinks.
Most of the previous studies on antimicrobial properties of sugar esters employed commercial derivatives (3, 19, 20) . These are constituted by complex mixtures of monoesters, diesters, triesters, etc. containing different regioisomers. In a few cases, the sucrose monoester fraction was separated from higher esters to assay antimicrobial activity, although no pure regioisomers were further isolated (21). To our knowledge, this is one of the first studies of antimicrobial properties using pure carbohydrate fatty acid esters. In contrast with numerous works on properties of Conley and Kabara (24) demonstrated that the esterification of sucrose with fatty acids without antimicrobial activity gave rise to active derivatives against certain microorganisms. In general, Gram-positive were more susceptible than Gramnegative bacteria, whereas the inhibition of yeasts growth was lower than that of the other fungi (3). Inhibition of Gram-positive bacteria by combination of sucrose esters with well-known antibiotics has been also reported (25) .
We studied the effect of sugar head group (glucose, sucrose, maltose), length of the fatty acid (lauric, palmitic) and degree of substitution (monoester, diester) on antimicrobial properties. The compounds assayed are those represented in Fig. 1 . In a first screening, we analyzed their effect on the growth in liquid medium of several microorganisms involved in food spoilage and poisoning (P. fluorescens, Bacillus sp.), and in a diversity of diseases (S. aureus, E. coli). Pichia jadinii was selected to represent higher eukaryotic microorganisms. Results are summarized in Table 1 .
Sucrose diesters and glucose monoesters are notably less soluble in water than disaccharide monoesters, as a consequence of their higher hydrophobicity. For this reason, sucrose diesters and glucose monoesters could not be evaluated at coli was unaffected in tryptic soy broth containing 1 mg/ml of a commercial sucrose laurate.
We further studied in more detail the antimicrobial properties of the sucrose and maltose esters. A commercial sucrose laurate (L-1695) was also comparatively analyzed. This compound is basically a mixture of the 6-and 6'-monoesters, and contains additionally 21% of sucrose dilaurates. Other microorganisms involved in food spoilage (B. stearothermophilus, L. plantarum, E. carotovora and Z. rouxii), and consequently feasible causal agents of infections in humans, were also assayed.
Our enzymatically-synthesized disaccharide esters showed interesting properties ( Table 2 ). Among the bacteria tested, Bacillus sp. was the most susceptible.
6-O-lauroylsucrose and 6'-O-lauroylmaltose inhibited the growth of Bacillus sp., E.
coli and L. plantarum. The two maltose esters showed a high bacteriostatic effect on B. stearothermophilus. Fig. 6 shows the effect of sugar ester concentration on inhibition of Bacillus sp., E. coli and B. stearothermophilus.
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As regards the inhibition of yeasts, none of the tested carbohydrate esters inhibited the growth of P. jadinii and Z. rouxii at a significant extent. Although the concentrations showing antimicrobial activity in these experiments might be considered high (from 0.8 to 4 mg/ml), it is noteworthy that fatty acid esters of sucrose are commercially used as emulsifiers in foods at concentrations as high as 10 mg/ml (Ryoto ® Sugar Ester Technical Information, Mitsubishi-Kagaku Foods Co., 1998). As a probe of their low toxicity, the maximum daily ingest of sucroesters is significantly high (20 mg/kg body weight).
The mechanism of action of these carbohydrate esters is still unclear.
Nevertheless, in B. subtilis cells growing actively, it has been observed that they cause changes in cellular morphology and induce autolysis processes that result in cell death (26, 27) . It has been postulated that sugar esters reorganize the cellular membrane altering its permeability, which causes a loss of important metabolites (28) .
CONCLUSIONS
Lipase from T. lanuginosus is more convenient than C. antarctica B for the synthesis of sucrose 6-monoesters in solvent mixtures using vinyl fatty acid esters as acyl donors.
Lipase from C. antarctica is especially interesting for the synthesis of the corresponding 6,6'-diesters. For the synthesis of maltose and glucose monoesters, both lipases are similarly useful. Disaccharide monoesters exhibit better performance than monosaccharide monoesters, especially in terms of their higher solubility in Structures of the carbohydrate fatty acid esters studied; n=10 (in lauroyl), 14 (in palmitoyl). Bacillus stearothermophilus FIG. 6 
6-O-acylglucose
